Abstract Antioxidant activities against hypochlorite ions and peroxyl radicals of a chicken dark meat hydrolysate digested with pepsin were examined with the myoglobin method based on the structure change of myoglobin due to redox reaction with reactive oxygen species (ROS). A peptide that showed strong antioxidant activity against the peroxyl radical was isolated from the hydrolysate using HPLC equipped with a hydrophobic-interacting column. The sequence of the first five amino acid residues of the peptide was determined as YASGR (Tyr-Ala-Ser-Gly-Arg), and this sequence matched with the amino acid residues 143-147 of chicken β-actin (GenBank: CAA25004.1). The synthetic peptide YASGR showed very high antioxidant activity against the peroxyl radical. Antioxidant activities of the free amino acids, confirmed that the tyrosine residue of this peptide was possibly responsible for antioxidant activity.
Introduction
Various reactive oxygen species (ROS) and reactive nitrogen species (RNS) are generated by the metabolism of oxygen in vivo (Villamena 2013) . Super oxide anion, hydrogen peroxide, hydroxyl radicals, peroxyl radicals, and hypochlorite ions are typical ROS. A number of studies have provided evidences that excess oxidative stress is closely related to aging processes and various diseases including cancer, Alzheimer disease and other life-style related diseases (Vina et al. 2011; Chen and Keaney 2012; Castillo 2009 ). Excess oxidative stress is caused by the excessive production of ROS and/or impaired antioxidant removability in vivo (Gupta et al. 2014) . The dietary intake of antioxidants, therefore, may be helpful to maintain a good antioxidant capacities and is strongly recommended by medical doctors. Based on this, for decades the researchers in various fields have examined numerous food compounds as potential candidates for antioxidants (Zaknun et al. 2012; Taghvaei and Jafari 2015) . A large number of studies have reported the characteristics of polyphenols in plants as antioxidants, and their functional roles in vivo (Li et al. 2014) .
Recent studies also have revealed that peptides derived from food proteins have various functions such as antihypertensive, antioxidant, and antithrombotic activities (Najafian and Babji 2012; Ryan et al. 2011; Chakrabarti et al. 2014; Kim et al. 2012) . These peptides consist of 2-20 amino acids and their molecular masses are less than 6000 Da. Antioxidant peptides have been found in the hydrolysates of meat muscles and byproducts (Lafarga and Jayes 2014; Centenaro et al. 2011; Onuh et al. 2014; Mann et al. 2014; Sun et al. 2011; Sowmya et al. 2014) , and also in the proteins of various plants (Zhang et al. 2010; Chen et al. 2007; Zhu et al. 2008; Xie et al. 2008; Siswoyo et al. 2011) . The amino acid side chains most likely determine the antioxidant activities of the peptides, because thiol in cysteine, thioether in methionine, the indole group in tryptophan, the phenolic hyodroxyl group in tyrosine, imidazole group in histidine are relatively easily oxidized (Hougland et al. 2013) . The amino acid sequence also has significant effects on the antioxidant activity strength of the peptides (Saito et al. 2003) . The effects of antioxidant peptides have also demonstrated in cultured cells (Sheih et al. 2010; Himaya et al. 2012) . For example, two peptides, CAAP (CysAla-Ala-Pro) and VCSV (Val-Cys-Ser-Val), derived from a flounder fish protein scavenged intracellular reactive oxygen species in Vero cells (Ko et al. 2013) . The specific amino acid sequence might be a key factor in the functional effects of the peptide in vivo. Moreover, egg white digested with trypsin had an increased effect in plasma radical scavenging in spontaneous hypertensive rats (SHR) (Manso et al. 2008) .
To screen for effective antioxidants from food, the evaluation protocol that is used to determine the antioxidant activities of foods is a very important factor (Moon and Shibamoto 2009) . The oxygen radical absorption capacity (ORAC) assay proposed by Wu et al. (2004a, b ) is a very popular method, but it takes 1 to 2 h to measure the antioxidant activity. Terashima et al. (2007 Terashima et al. ( , 2010a proposed the myoglobin method to evaluate antioxidant activities against hypochlorite ions, hydroxyl radicals, peroxyl radicals, and peroxynitrite. This protocol was applied to evaluate the antioxidant activities of various standard substances (Terashima et al. 2010a) , flavonoids (Terashima et al. 2012) , vegetables and beans (Terashima et al. 2013) , and traditional Japanese miso seasoning (Morikawa et al. 2014) . Because this protocol is simple and quick, it is suitable to screen antioxidants against hypochlorite ions, hydroxyl radicals, peroxyl radicals, and peroxynitrite.
Effects of amino acid residues and amino acid sequences on the antioxidant activities of the antioxidant peptides are an important issue to clarify the functional roles of the antioxidant peptides. The purpose of this work is to identify antioxidant peptides in chicken dark meat hydrolysate digested with pepsin, and characterize their antioxidant activities. A novel antioxidant peptide, YASGR (Tyr-Ala-Ser-GlyArg), was found in this work and this amino acid sequence matched with those from residues143 to147 of chicken β-actin. This peptide showed very strong antioxidant activity against the peroxyl radical. The contribution of the amino acid residues of the peptide YASGR on the antioxidant activity was discussed based on the experimental results.
Materials and methods

Materials
Chicken dark meat was purchased at a local market. Pepsin from porcine gastric mucosa (Sigma-Aldrich, St. Louis, USA) was used to prepare hydrolysates. Myoglobin (equine skeletal muscle, 95-100 %) and peroxynitrite were purchased from Sigma-Aldrich (USA) and Dojin Chemicals (Japan), respectively. The synthetic peptides, YASGR, was purchased from Funakoshi Corporation (Japan). All other reagents were of reagent grade.
Preparation of hydrolysate
Chicken dark meat (18 g) was boiled for 6 min, and ground with a mortar and pestle. After the ground meat was added to 200 ml MilliQ water containing 0.35 g NaCl and 0.2 g pepsin, the pH of the solution was adjusted to pH 2.0 with 1.0 M HCl. The solution was then incubated at 37°C, and 20 ml of the sample was collected at 0, 15, 25, 30, 45, 60, and 90 min. To terminate pepsin digestion, the pH of the sample was adjusted to 7.0 with 1 M NaOH (Terashima et al. 2010b) . The sample was centrifuged with a table top centrifuge (TX-201, Tomy, Japan) for 10 mins at 10, 000 rpm, and the recovered supernatant was filtered with a filter (Minisart, (pore size 0.2 μm), Sartorius Stedim Biotech, Germany). The sample was divided into two aliquots (about 10 ml), and were stored at −80°C for future use. 
Fractionation of hydrolysate by ultrafiltration and dialysis
In order to prepare the sample to be used for the screening of antioxidant peptides, chicken meat (202.5 g) was processed by scaling up the above mentioned protocol. The hydrolysate (2250 ml) digested for 60 mins with pepsin was centrifuged with a centrifuge (Himac CR22E, Rotor PRP12-2, Hitachi, Japan) at 10,000 rpm for 20 mins. Then, the recovered supernatant was fractionated with filtration and dialysis (Centenaro et al. 2014 ). An ultrafiltration unit (Vivaflow 50, Sartorius Stedim Biotech, Germany) was used. The molecular cut off of the membrane was 3000 Da, and the membrane area was 50 cm 2 . The filtrate (1700 ml) was freeze-dried with a freeze dryer (FDU-2200, EYELA, Japan), and the resulting solid was dissolved in 50 ml of Milli-Q water. The prepared solution was divided into 5 aliquots (10 ml each), and each aliquot was dialyzed against 1000 ml of Milli-Q water with a Spectropore® dialysis membrane (MWCO 500 Da, SpectrumLabs, USA) for 24 h. The dialyzed hydrolysates were collected, and freeze-dried. Finally, the obtained solid was dissolved in 10 ml of Milli-Q water.
Separation of peptides in hydrolysate with HPLC
The peptides in the fractionated hydrolysate were separated with a HPLC system (LC10A, Shimadzu, Japan) equipped with a hydrophobic interacting column (Cosmosil 5C18-MS-II, 4.6 mm × 150 mm, Nacalai Tesque, Japan). Solution A (Milli-Q water containing 0.1 % (v/v) trifluoroacetic acid) and solution B (acetonitrile containing 0.1 % (v/v) trifluoroacetic acid) were used as the mobile phases. The following gradient program was applied to separate the peptides: B concentration 30 % at 90 min, B concentration 50 % at 100 min, B 0 % at 105 min, and stop at 120 min. The peptides in the effluent were monitored at 215 nm with a spectrophotometer (SPD-20 A, Shimadzu, Japan). While 20 μl of the sample was injected for analytical purpose, 200 μl of the sample was applied to the HPLC for the fractionation. The fractionated samples were freeze-dried, and the resulting solids were dissolved in Milli-Q water.
Myoglobin protection ratio
The antioxidant activities of the samples (hydrolysate, peptides, and free amino acids) against ROS (peroxyl radicals and hypochlorite ions) were evaluated with the myoglobin method proposed by our group (Terashima et al. 2010a ). In the case of the peroxyl radical, all the solutions were pre-incubated at 47°C. To 2.5 ml of myoglobin solution, 0.1 m of a test sample, and 1.0 ml 2, 2′-azobis(2-methylpropiamidine) dihydrochloride solution were added, and incubated at 47°C for 15 min before absorbance measurement. For antioxidant activity measurement against the hypochlorite ion, 3.0 ml of myoglobin solution (0.25 mg/ml), 0.1 ml test sample, and 0.5 ml of hypochlorite solution (0.02 %) were mixed, and the absorbance of the reaction mixture was measured at 409 nm. In the myoglobin method, antioxidant activities were evaluated based on the changes of absorbance at 409 nm of myoglobin because of the reaction with ROS.
Myoglobin protection ratio (%) for the sample was defined by the following equation:
where, ABS 0 is the absorbance of the myoglobin solution (control), ABS R (without antioxidant) is the absorbance of the measurement solution containing only ROS, and ABS R (with antioxidant) is the absorbance of the measurement solution containing both the test sample and ROS. Average values were obtained from triplicate measurements. Table 2 Myoglobin protection ratio of peak fractions against peroxyl radicals Peak no.
Myoglobin protection ratio against peroxyl radicals (%) Amino acid sequences of isolated antioxidant peptides were determined with a protein sequencer ABI Procise 491HT (Applied Biosystems, USA).
Results and discussion Figure 1 shows the effects of digestion time with pepsin on the myoglobin protection ratio of the hydrolysate against peroxyl radicals and hypochlorite ions. The myoglobin protection ratio against peroxyl radicals and hypochlorite ions increased from 60 % to 100 % and 50 % to 90 % respectively during the 90 min digestion (Fig. 1a and 1b) . The relatively high myoglobin protection ratio at reaction time zero was probably because of pre-existing amino acids, peptides, and proteins in the sample. Although digestion process contributes about 40 % of the antioxidant activity of the hydrolysate, these results clearly indicated that the amino acids and/or peptides generated by the pepsin digestion had antioxidant activities against hypochlorite ions and peroxyl radicals. Based on these results, the screening of antioxidant peptides in the hydrolysate digested with pepsin for 60 min in the following study was done.
The hydrolysate containing peptides with molecular weights in the range of 500-3000 Da was fractionated using HPLC. The effluent from the column was fractionated every 20 min. The myoglobin protection ratio of the fractions against peroxyl radicals and hypochlorite ions is shown in Table 1 . A relatively high myoglobin protection ratio against both peroxyl radicasl and hypochlorite ions was observed in fraction No. 1 (0-20 min.), . The peaks were not well separated in the chromatogram. Therefore, fractions No. 1 and No. 2 were used. Furthermore, to focus on the antioxidant activity of the peptides against peroxyl radicals was worked out, because the peroxyl radicals causes peroxidation of various polyunsaturated fatty acids, and is closely related to many diseases. Nine well separated peaks were observed in the chromatograms of fractions No. 1 and No. 2 (Fig. 2) . Peak 3, 5, 6, 8, and 9 showed high myoglobin protection ratios against peroxyl radicals (Table 2) .
Amino acid sequences of the first five residues of the peptides from peak fractions 3, 5, 6, and 9 were analyzed. The amino acid sequence of the first five residues of the peptide in peak fraction No. 5 was determined as YASGR. This sequence corroborated with the amino acid sequence of residues 143-147 of chicken β-actin (GenBank: CAA25004.1).
The concentration effects of the synthesized peptide YASGR on the myoglobin protection ratio against peroxyl radicals is shown in Fig. 3 . The myoglobin protection ratio increased with the concentration of the peptide YASGR, and reached 89.8 % at the peptide concentration of 10 mM (278 μM in the reaction mixture). The previous works (Terashima et al. 2010a; showed that the myoglobin protection ratios of ferulic acid, Trolox, ascorbic acid, chlorogenic acid, and glutathione at the same concentration were 100 %, 98.3 %, 95.7 %, 58.3 % and 32.1 %, respectively. Thus, the antioxidant activity of the peptide YASGR against peroxyl radicals was almost the same as Trolox and ascorbic acid. The antioxidant activity of the peptides may be attributed to the amino acid side chains. To elucidate which amino acid residue contributed to the antioxidant activity of the peptide YASGR, the myoglobin protection ratio of the five free amino acids, tyrosine, alanine, serine, glycine, and arginine against peroxyl radicals was determined (Fig. 4) . Although alanine, serine, glycine, arginine, and threonine showed very low myoglobin protection ratio, tyrosine showed a 40 % myoglobin protection ratio at 1.0 mM (27.8 μM in the reaction mixture). The myoglobin protection ratio of tyrosine was determined for only concentrations of 0.5 mM (13.9 μM in the reaction mixture) and 1.0 mM (27.8 μM in the reaction mixture) because of its low water solubility. The side chain of tyrosine is known to easily undergo oxidative additions in the presence of ROS and RNS (Maskos et al. 1992; Gieseg et al. 1993) . These results strongly suggest that tyrosine is the key amino acid residue responsible for the antioxidant activity of the peptide YASGR against peroxyl radicals.
In conclusion, the antioxidant peptide YASGR derived from β-actin of chicken meat was identified. This peptide showed very high antioxidant activity against the peroxyl radical because of its tyrosine residue.
